Introduction {#S1}
============

Cyanotoxins are toxic secondary metabolites produced by algal blooms, which are widely distributed in fresh water in various countries and regions of the world ([@B9]; [@B28]). Several studies have shown that cyanotoxins, such as anatoxin-a (ANTX-a), and microcystins can bioaccumulate in aquatic biota, which poses a huge threat to the biological health and ecological environment, especially that of aquatic organisms ([@B18]). [@B34] investigated that there were 183 cases of cyanotoxin poisoning in humans and animals as of 2019. ANTX-a, chemically identified as 2-acetyl-9-azabicycle\[4.2.1\]non-2-ene ([@B33]), is a neurotoxin that can be isolated from different genera of cyanobacteria, such as *Oscillatoria*, *Anabaena flos-aquae*, *Aphainizomenon*, *Cylindrospermum*, etc. ([@B7]). Although microcystins seem to be more common than ANTX-a, the latter cause more organism poisonings in Europe, Australia, and North America than those caused by microcystins ([@B11]). Dog and cattle poisonings related to ANTX-a were reported in six places in Canada between 1961 and 1975 ([@B38]). ANTX-a is becoming increasingly recognized as a potential risk to both animal and human health, which has been incorporated into laws and regulations regarding the water security of several countries ([@B27]). In 2015, the U.S. government passed an amendment to the "Drinking Water Protection Act" (PL 114-45) that requires the implementation of the best available technology to assess the risks to human health of public water polluted by cyanotoxins such as ANTX-a ([@B23]).

ANTX-a is abundant in the environment and leads to detrimental effects on various organisms through drinking water and food. For instance, [@B5] revealed that ANTX-a can damage proteins playing toles in carbohydrate metabolism, cell structure maintenance, stress response, etc., of male and female zebrafish. As hazardous neurocyanotoxins, ANTXs are strong agonists of the neural nicotinic cholinergic receptor existing in the postsynaptic membrane ([@B21]). Animals reportedly die from exposure to ANTX-a following toxic response to acetylcholine receptor inhibition at neuromuscular junction ([@B5]). [@B6] revealed that high-dose injection or ingestion of ANTX-a can cause fatal suffocation in mammals and induces oxidative stress. The influence of ANTX-a on the biological nervous system has been extensively investigated because ANTX-a is toxic to this system; nervous system diseases are characterized by disordered muscle bundles, decreased motor ability, tremor and gait changes, irregular breathing ([@B30]). However, studies on the toxic effects of ANTX-a have focused on its neurotoxicity, but studies on ANTX-a-induced immunotoxicity have rarely been conducted. Moreover, little was known about its effects on the immune system of fish. Similar to other cyanotoxins, ANTX-a is extensively distributed in natural waters worldwide; this phenomenon has prompted researchers to investigate ANTX-a in natural waters. [@B29] found ANTX-a for the first time in fresh water in South America. [@B15] reported the concentration of ANTX-a was 13 μg/L in a German lake, while the total concentration of ANTX-a in water reached 1750 μg/L in the United States ([@B4]). Considering that water quality is essential for fishes, researchers should investigate the immunotoxic effects of ANTX-a on fish.

Previous studies have shown that cyanotoxins, including nodularin and microcystins, can induce antioxidant system perturbation of *Carassius auratus*, resulting in oxidative stress ([@B32]). Immune system perturbation caused by cyanotoxins can be indicated by the activity of antioxidant enzymes and levels of lipid peroxidation and reactive oxygen species (ROS) in immune cells ([@B17]). As is well-known, overproduction of ROS or the decrease of cellular antioxidant levels can lead to the imbalance of cellular oxidation, which is called oxidative stress. Formation of ROS may lead to attack and destruction of important cell components, such as DNA and proteins, which may lead to permeability damage, membrane fluidity damage ([@B10]). Production of ROS can also be stimulated by exposure to ANTX-a, thereby resulting in oxidative stress. [@B37] revealed that ANTX-a can induce the generation of ROS in cultured rat thymocytes. Antioxidant system perturbation is closely related to the occurrence of oxidative stress. As the main antioxidant enzymes in the first line of defense of the antioxidant system, catalase (CAT), superoxide dismutase (SOD), etc., can effectively scavenge excess oxygen free radicals in immune cells. Our previous study found that nodularin induced the apoptosis of *C. auratus* lymphocytes by oxidative stress and the mitochondrial apoptotic pathway ([@B46]). In particular, it is necessary to study the response of the immune system of vertebrates to ANTX-a, especially in aquatic organisms.

This study utilized ANTX-a as the target pollutant of lymphocytes isolated from *C. auratus* for investigating the toxic effects of different exposure concentrations on immune cells *in vitro*. The results were discussed mainly from the aspect of antioxidant response to illuminate the mechanism of oxidative stress in lymphocytes.

Materials and Methods {#S2}
=====================

Chemicals and the Toxin {#S2.SS1}
-----------------------

Purified ANTX-a (CAS No. 64285-06-9, C~10~H~15~NO, MW = 165.23) was purchased from Sigma (St. Louis, MO, United States). Lymphoprep was purchased from Huadong Pharmaceutical (Zhejiang, China). Fetal calf serum (FCS) and RPMI-1640 medium were acquired from Hangzhou Key Shengwu (Hangzhou, China). Malonaldehyde (MDA), SOD, glutathione (GSH), CAT, glutathione-s-transferase (GST), glutathione reductase (GR), and glutathione peroxidase (GPx) assay kits were all purchased from Nanjing Jiancheng Bioengineering, Inc. (Jiangsu, China).

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide, propidium iodide (PI), and rhodamine 123 assay kits were obtained from Beyotime Institute of Biotechnology (Shanghai, China). Other reagents used were purchased from commercial sources unless otherwise specified.

Experimental Fish {#S2.SS2}
-----------------

From the hatchery of Freshwater Fisheries Research Institute (Zhejiang, China), we obtained about 400--500 g of bisexual *C. auratus* (6--10 months old). All experimental fish were raised and kept in circulating water with indoor temperature controlled at 25 ± 1°C. Feed fish with pellet feed at a daily ration of 0.7% of their body weight. After 2 weeks, healthy fish were utilized for subsequent studies.

Lymphocyte Isolation and Cell Culture {#S2.SS3}
-------------------------------------

The method of isolating lymphocytes was based on that of [@B47]. *C. auratus* were sacrificed by decapitation, and their kidneys were removed. The mixed tissues were passed through the nylon screen. The cells were washed twice in serum-free cold medium and layered onto 1.5 volumes of Lymphoprep (density adjusted to 1.077 g/mL). After centrifugation at 640 × *g* for 30 min, non-adherent lymphocytes were carefully obtained by washing with PBS solution three times. Finally, the cells were cultured in an antibiotic-free RPMI-1640 medium containing 5% FCS. Use a hemocytometer, the number of cells was counted. The obtained cells were divided into five groups and treated with different concentrations of ANTX-a for 12 h.

Electron Microscopy Observation {#S2.SS4}
-------------------------------

The lymphocytes were washed with PBS and immobilized overnight in 2.5% glutaraldehyde at 4°C. The cells were washed three times in PBS (0.1 M, pH 7.0) for 15 min each time, and then immobilized at osmium tetroxide (1%) for 1--2 h. Then, in Epon 812, the treatments were dehydrated and embedded by a gradient alcohol series and acetone. Finally, ultra-thin sections were prepared and stained with lead citrate and uranyl acetate, and then viewed under a transmission electron microscope (Philips, TECNAL-10).

DNA Ladder Assay {#S2.SS5}
----------------

A DNA ladder assay was performed via gel electrophoresis, as previously described. All groups of exposed lymphocytes were acquired and washed twice with cold PBS. Intracellular DNAs were then extracted utilizing an AxyPrep genomic DNA mini kit purchased from Axygen Biotechnology (Hangzhou, China), and electrophoresed using an agarose gel (1%). Finally, the extracted samples were stained with ethidium bromide (30 μg/L) and visualized utilizing a Kodak Gel Logic 200 (Molecular Imaging, NY, United States) using 1 kb as a size marker.

Apoptosis Detection by Flow Cytometry {#S2.SS6}
-------------------------------------

The cells were treated with different ANTX-a concentrations for 12 h, washed with cold PBS, and fixed in ethanol (70%) at 4°C for 1 day. The detailed detection method mainly refers to the method of [@B36]. The lymphocytes were washed with PBS twice and treated with PI staining buffer (50 μg/mL) and RNase (0.1 μg/mL) at 20°C for 30 min. The cells were filtered using a BD Falcon circular tube (No. 352235, Becton Dickinson, Franklin Lakes, NJ, United States) before analysis with a Guava easyCyte 8HT flow cytometer (Merck Millipore, Darmstadt, Germany).

Intracellular ROS Assay {#S2.SS7}
-----------------------

Lymphocytes were collected and homogenized in cold PBS after incubating with different ANTX-a concentrations for 12 h. The cells were exposed to dichloro-dihydrofluorescein diacetate. The final concentration was set at 10 μM and maintained at the room temperature for 20 min. The lymphocytes were passed through a cell mesh and homogenized before detection because they may adhere to the walls of the centrifuge tubes. The lymphocytes were analyzed by flow cytometer (Guava EasyCyte 8HT). The excitation wavelength and emission wavelength were 488 and 525 nm, respectively.

Detection of GSH and MDA Contents {#S2.SS8}
---------------------------------

Lymphocytes were obtained and homogenized by centrifugation at 640 × *g* for 15 min at 4°C in cold PBS. The GSH and MDA contents were determined according to the manufacturer's instructions for the use of the assay kits (Jiancheng, Nanjing, China).

Measurement of Antioxidant Enzyme Activities {#S2.SS9}
--------------------------------------------

The activities SOD, CAT, GR, GPx, and GST were detected in this study. SOD activity was detected according to the instructions in the enzyme activity assay kit (WST-1). Lymphocytes were obtained and homogenized by centrifugation at 640 × *g* for 15 min at 4°C in cold PBS to obtain the supernatant. The mixture was incubated at 37°C for 20 min. Finally, using a multimode microplate reader (Infinite M1000), the absorbance was measured at 450 nm. The sample activity was expressed in unit/mg protein. The activities of other enzymes, namely, CAT, GR, GPx, and GST, were detected according to the instructions indicated in the corresponding assay kits.

Statistical Analysis {#S2.SS10}
--------------------

All experimental data were recorded and calculated in Microsoft Excel^®^ software, which were presented as the mean ± standard deviation (SD) of five independent experiments performed in duplicate and triplicate. The samples were analyzed by one-way ANOVA, and *p* \< 0.05 and *p* \< 0.01 were considered statistically significant.

Results {#S3}
=======

Ultrastructural Observations of Lymphocytes {#S3.SS1}
-------------------------------------------

The morphological changes of lymphocytes of *C. auratus in vitro* treated with ANTX-a (0 and 100 μg/L) for 12 h were observed through transmission electron microscopy. [Figures 1A,B](#F1){ref-type="fig"} show the normal lymphocytes of the control group, and [Figures 1C,D](#F1){ref-type="fig"} show the lymphocytes exposed to 100 μg/L ANTX-a for 12 h. In the control group, the lymphocytes exhibited homogeneous nuclear chromatin (white triangle arrow, [Figure 1A](#F1){ref-type="fig"}), and the mitochondria were not expanded (white circular arrow, [Figure 1B](#F1){ref-type="fig"}). The morphological changes of lymphocytes exposed to 100 μg/L ANTX-a for 12 h were observed; condensed cytoplasm (black triangle arrow), slight swelling of the mitochondria (black circular arrow), and vacuolization (black square arrow) were observed in these lymphocytes ([Figures 1C,D](#F1){ref-type="fig"}). These results indicated that ANTX-a damaged the lymphocytes of *C. auratus.*

![Electron micrographs of carp immunocytes treated with ANTX-a: **(A,B)** control cells showed homogeneous nuclear chromatin (white triangle arrow) and normal mitochondria (white circular arrow). **(C,D)** Cells treated with 100 μg/L ANTX-a for 12 h showed a condensed cytoplasm (black triangle arrow) with hollow bubbles (black square arrow) and slight swelling of the mitochondria (black circular arrow).](fphys-11-00316-g001){#F1}

ANTX-a-Induced DNA Fragmentation in Lymphocytes {#S3.SS2}
-----------------------------------------------

Biochemically, the fragmentation of the nuclear chromatin of DNA is a typical character of apoptosis ([@B2]), which leads to 180--200 bp fragments or complete DNA fragments. DNA fragmentation of ANTX-a-exposed cells was evaluated using agarose gel electrophoresis. The control only showed the total genome strip, and the total DNA extracted from cells exposed to different ANTX-a concentrations for 12 h distinctly showed a ladder pattern ([Figure 2](#F2){ref-type="fig"}). These results demonstrated that ANTX-a can trigger apoptosis in the lymphocytes of *C. auratus in vitro*.

![DNA fragmentation of carp immunocytes treated with ANTX-a determined by agarose gel electrophoresis. Lane 1: 100--3000 bp molecular size markers of DNA ladder; lane 2: DNA from control lymphocytes; lanes 3--6: DNA ladder patterns of immunocytes induced by ANTX-a for 12 h at concentrations of 0.01, 0.1, 1, and 10 mg/L, respectively.](fphys-11-00316-g002){#F2}

Flow Cytometric Determination of ANTX-a-Induced Apoptosis {#S3.SS3}
---------------------------------------------------------

The percentages of apoptotic cells exposed to various concentrations of ANTX-a *in vitro* are shown in [Figure 3](#F3){ref-type="fig"}. After 12 h of exposure, the percentages initially increased as the ANTX-a concentration increased. At \> 1 mg/L ANTX-a, the percentages of apoptotic cells decreased; the percentages in the treatment group with a high ANTX-a concentration (1 mg/L) increased 1.08-fold compared with that of the untreated group (*p* \< 0.01). These results suggested that ANTX-a causes the apoptosis of fish lymphocytes. Necrosis occurred when the exposure concentration was 10 mg/L.

![Apoptotic effects of carp immunocytes were detected after treatment with 0.01, 0.1, 1, and 10 mg/L ANTX-a for 12 h. Data represent the mean ± SD, and significant differences from the control were determined as \**p* \< 0.05 and \*\**p* \< 0.01.](fphys-11-00316-g003){#F3}

Analysis of ROS and MDA Contents {#S3.SS4}
--------------------------------

The ROS contents in fish lymphocytes treated with different concentrations of ANTX-a *in vitro* for 12 h were measured using flow cytometry. [Figure 4](#F4){ref-type="fig"} shows that the ROS levels increased with increasing ANTX-a concentration. The ROS content of the group exposed to the lowest concentration of ANTX-a (0.01 mg/L) significantly increased compared with that of the control (*p* \< 0.01). The generation of intracellular ROS induced by ANTX-a exhibited a dose-dependent increase. According to [Figure 5](#F5){ref-type="fig"}, ANTX-a induced MDA formation in the lymphocytes. The MDA level of the 0.1 mg/L ANTX-a-treated group was more than twofold higher than that of the control (*p* \< 0.01). Overall, the elevation of MDA induced by ANTX-a was also dose-dependent.

![Changes in intracellular ROS levels of carp immunocytes were determined after cells were treated with ANTX-a (0.01, 0.1, 1, and 10 mg/L) for 12 h. Data represent the mean ± SD, and a significant difference from the control was determined as \*\**p* \< 0.01.](fphys-11-00316-g004){#F4}

![Dose-dependent effects of ANTX-a on MDA content in carp immunocytes. Cells were treated with 0.01, 0.1, 1, and 10 mg/L ANTX-a for 12 h. Data represent the mean ± SD, and a significant difference from the control was determined as \*\**p* \< 0.01.](fphys-11-00316-g005){#F5}

Determination of SOD and CAT Activities {#S3.SS5}
---------------------------------------

SOD and CAT are critical antioxidant enzymes in cells. After the fish lymphocytes were exposed to different concentrations of ANTX-a for 12 h, the activities of SOD and CAT were, respectively, detected ([Figures 6](#F6){ref-type="fig"}, [7](#F7){ref-type="fig"}). [Figure 6](#F6){ref-type="fig"} shows that SOD activity in fish lymphocytes significantly decreased with increasing ANTX-a exposure concentration. The activity of SOD of the 0.01 mg/L ANTX-a -treated group decreased by 41% compared with that of the untreated group. As shown in [Figure 7](#F7){ref-type="fig"}, the CAT activity of lymphocytes in all of the ANTX-a-treated groups decreased. Compared with that of the untreated groups, the CAT activity decreased by 46% (*p* \< 0.05) in the group exposed to 0.01 mg/L ANTX-a.

![SOD activity in carp immunocytes exposed to ANTX-a for 12 h. ANTX-a concentrations were 0.01, 0.1, 1, and 10 mg/L. Dose-dependent effects were also detected. Data represent the mean ± SD, and a significant difference from the control was determined as \*\**p* \< 0.01.](fphys-11-00316-g006){#F6}

![Changes in CAT activity after carp immunocytes were treated with 0.01, 0.1, 1, and 10 mg/L ANTX-a for 12 h. CAT activity was determined using a CAT activity kit. Data represent the mean ± SD, and a significant difference from the control was determined as \**p* \< 0.05 and \*\**p* \< 0.01.](fphys-11-00316-g007){#F7}

GSH Levels in Fish Lymphocytes {#S3.SS6}
------------------------------

In the dose-dependent experiment, the GSH levels in each group are shown in [Figure 8](#F8){ref-type="fig"}, in which the GSH content distinctly decreased in all ANTX-a-treated groups. The GSH content of the group treated with the lowest ANTX-a concentration (0.01 mg/L) decreased significantly by about 61% compared with that of the control group (*p* \< 0.01). All of these results indicated that GSH levels in ANTX-a-treated lymphocytes were also dose-dependent.

![ANTX-a effects on GSH levels in carp immunocytes after treatment with ANTX-a for 12 h. GSH contents were detected to have dose-dependent effects. Data represent the mean ± SD, and a significant difference from the control was determined as \*\**p* \< 0.01.](fphys-11-00316-g008){#F8}

Analysis of GR, GPx, and GST Activities in Fish Lymphocytes {#S3.SS7}
-----------------------------------------------------------

[Figures 9](#F9){ref-type="fig"}--[11](#F11){ref-type="fig"} show the activities of GR, GPx, and GST in fish lymphocytes exposed *in vitro* to varying ANTX-a concentrations for 12 h. The activities of GR and GPx in fish lymphocytes were sensitive to ANTX-a after 12 h of exposure regardless of treatment concentration. [Figures 9](#F9){ref-type="fig"}, [10](#F10){ref-type="fig"} show that the activities of GR and GPx significantly decreased as the ANTX-a concentration increased during 12 h of exposure; the activities of GR and GPx decreased by approximately 67 and 54% in the 0.01 mg/L treatment group compared with those of the control, respectively (*p* \< 0.01). [Figure 11](#F11){ref-type="fig"} shows that GST activities decreased in all ANTX-a-treated groups; the GST activity in cells treated with 10 mg/L ANTX-a significantly decreased compared with that in the untreated group (*p* \< 0.01). Thus, the activities of GR, GPx, and GST were observed to be affected by ANTX-a in a dose-dependent manner.

![GR activity in carp immunocytes after exposure to ANTX-a for 12 h. The exposure concentrations of ANTX-a were 0.01, 0.1, 1, and 10 mg/L. Data represent the mean ± SD, and a significant difference from the control was determined as \*\**p* \< 0.01.](fphys-11-00316-g009){#F9}

![The intracellular GPx activity in carp immunocytes was determined after cells were treated with ANTX-a (0.01, 0.1, 1, and 10 mg/L) for 12 h. Data represent the mean ± SD, and a significant difference from the control was determined as \*\**p* \< 0.01.](fphys-11-00316-g010){#F10}

![GST activity in cells treated with ANTX-a for 12 h. ANTX-a concentrations were 0.01, 0.1, 1, and 10 mg/L. Data represent the mean ± SD, and a significant difference from the control was determined as \*\**p* \< 0.01.](fphys-11-00316-g011){#F11}

Discussion {#S4}
==========

As a neurotoxin, the potential threat of ANTX-a to the immune system of aquatic organisms has long been underestimated. Lymphocytes in fish, which are very sensitive to water pollution, play a vital role in enhancing adaptive immunity, regulating tissue inflammation and host protection ([@B39]). Most effects of ANTX-a exposure on the morphological and functional tissues of animals involve lymphocytes, such as low-dose ANTX-a-induced inflammation and apoptosis of immune cells and mouse brain cells ([@B35]). Although ANTX-a shows widespread occurrence and is highly toxic to animals, little is known about its mechanism of action and biotransformation in vertebrates, especially its toxic mechanisms underlying its impact on the fish immune system. Thus, we used the lymphocytes as our study object, and we detected the activities of major antioxidant enzymes to evaluate the toxic effects and related mechanisms of ANTX-a on fish.

In this study, the apoptosis of fish lymphocytes after ANTX-a exposure was investigated. In addition, our results showed that ANTX-a exposure activated major antioxidant enzymes (e.g., CAT, SOD) and induced the accumulation of MDA and ROS by damaging the activities of SOD, CAT, GSH, GR, and GPx. To illustrate the types of lymphocytes apoptosis, the changes in intracellular DNA and organelles were analyzed. As shown in [Figures 1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}, marked DNA fragmentation, condensed cytoplasm, and swollen mitochondria were observed in the highest concentration group (10 mg/L), which was similar to our previous research ([@B46]). DNA fragmentation is a great description of biochemical changes in apoptosis ([@B42]). Thus, the apoptosis of fish lymphocytes which induced by ANTX-a may have been attributed to mitochondrial damage and DNA fragmentation. ANTX-a at 10 mg/L was reported to reduce the ATP level of leukocytes *in vitro*, and a concentration-dependent reduction in the proliferative capacity of T and B lymphocytes has also been observed ([@B3]).

In order to expound the mechanism of mitochondrial damage induced by ANTX-a, ROS, and MDA, indices of oxidative stress were determined in our study. ROS, including superoxide anion radicals, hydrogen peroxide, and hydroxyl radicals, which are created by aerobic organisms, particularly in the mitochondrial respiratory chain, play a major role in hypoxia adaptation and cell proliferation ([@B48]). However, excessive ROS may lead to irreversible cell damage and even cell death, which is called oxidative stress. Lipid peroxidation (measured as MDA), which is used as a biomarker for the degree of oxidative stress and damage, affecting membrane mobility and the integrity of membrane-related biomolecule ([@B40]). Many studies report that chemical environmental pollutants can induce ROS production in fish cells ([@B14]). [@B13] revealed that DNA damage and ROS production were caused by the exposure of tritiated water. Our previous studies also showed the increase of ROS in cells after exposed to nodularin and microcystins ([@B44]). Likewise, exposure to ANTX-a for 12 h in our study induced a dose-dependent increase in the level of ROS and MDA in fish lymphocytes compared with those of the untreated group ([Figures 4](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"}). Microcystin-LR can trigger intestinal DNA damage caused by excess ROS ([@B41]); saxitoxin can promote MDA production to induce lipid peroxidation ([@B22]). It is apparent that high concentrations of ROS and MDA can be induced by cyanotoxins, and the generation of ROS is always accompanied by MDA products. These results indicated that ANTX-a leads to excessive ROS production resulting in oxidative stress.

However, occurrence of oxidative stress is closely related to the antioxidant system. CAT and SOD, which decompose hydrogen peroxide and superoxide anions, are important in the first defense line of organisms against excess free radicals ([@B43]). SOD activity correlates well with the immune competence of aquatic organisms because SOD is significant in minimizing the oxidative damage to host cells in immune defenses ([@B1]). [@B26] suggested that the exposure of cylindrospermopsin (CYN) induces a dose-dependent increase in H~2~O~2~ concentration in 0.5 h, and when the concentration of H~2~O~2~ was highest, the activities of SOD and CAT decreased significantly. Similarly, in our study, [Figures 6](#F6){ref-type="fig"}, [7](#F7){ref-type="fig"} show that the activities of SOD and CAT in fish lymphocytes were all reduced in the lowest ANTX-a exposure group (0.01 mg/L) compared with those in the untreated groups, and the changes in SOD activity were more obvious than those in CAT activity. [@B25] discovered that at the end of the experiment, CAT activity was found to be significantly reduced in crabs exposed to the highest dose of *Microcystis aeruginosa* extract. Excessive ROS can inhibit the activity of CAT, and the inhibition of CAT activity directly leads to an increase in H~2~O~2~, which results in the inhibition of SOD activity, thus forming a vicious cycle ([@B16]). In addition, the enzyme activities of the endogenous antioxidant defense system reduced in the kidney of mice treated with Microcystin-leucine arginine ([@B19]). These results demonstrated that ATNX-a can reduce the activities of antioxidant enzymes, which is also the reason why oxidative stress occurred in fish lymphocytes.

Throughout the entire antioxidant protection process, GR can catalyze GSSG to form GSH, and GPX catalysis can help GSH to remove H~2~O~2~ from cells. GSH, an important non-enzyme antioxidant substance in cells, can prevent oxidative damage caused by reactive oxidants, can directly or indirectly maintain intracellular oxidative balance, and plays a significant role in protecting cells from oxidative stress ([@B1]). [@B31] revealed that in primary leukocytes and small-cell lung cancer cells exposed to nodularin (0.01--0.1 mu g/mL), intracellular ROS production increased significantly and GSH levels decreased. As is shown in our results, the GSH content and the activities of its corresponding enzymes GPx and GR were significantly reduced in the lymphocytes compared to those in the untreated group ([Figures 8](#F8){ref-type="fig"}--[10](#F10){ref-type="fig"}); the activities of GR and GPx decreased by approximately 67 and 54% in the 0.01 mg/L treatment group compared with those in the control, respectively (*p* \< 0.01). The decrease in GPx activity may be due to the reduced GSH content, as previously demonstrated by [@B20]. As an antioxidant enzyme that catalyzes the conversion of NADPH-dependent oxidized GSH (GSSG) to GSH, the loss of GR activity is a direct reason for the reduced GSH levels. Therefore, a reduction in the conversion of GSSG back to its reduced form (GSH) occurred following the low levels of GSH. Our previous study indicated that nodularin (100 μg/L) induced oxidative damage of fish lymphocytes via a reduced GSH content and GPx activity ([@B45]).

In the present study, antioxidant and relevant enzymes were all reduced; compared with the that of the control, the GR and GPx activities of the 0.01 mg/L treatment group were reduced by approximately 67 and 54%, respectively ([Figures 9](#F9){ref-type="fig"}, [10](#F10){ref-type="fig"}); thus, the antioxidant system of fish lymphocytes was destroyed by ANTX-a. In addition to GR and GPx, GST, as an enzyme mediator that binds GSH to hazardous compounds, plays a crucial role in the process of cell detoxification. As an electrophilic target, GSH can attack GSH nucleophiles by binding active sites, thus achieving antioxidant and detoxification functions ([@B24]). [Figure 11](#F11){ref-type="fig"} shows that GST activity in all fish lymphocytes exposed to ANTX-a *in vitro* for 12 h decreased in a dose-dependent manner regardless of treatment concentration. The inactivation of GST corresponded to changes in the antioxidant system. Cylindrospermopsin-administered fish showed a decrease in GST activity after 7 days of exposure ([@B8]). However, [@B12] discovered that MC-LR and CYN can significantly increase GST activities in lettuce roots. Therefore, symbiosis with plants may indicate that aquatic organisms are more vulnerable to exposure to algal toxins. For the final oxidative stress parameter evaluated in our experiment, the changes in ROS contents were significantly less than those in antioxidant enzyme activities and antioxidants in fish lymphocytes; thus, ANTX-a induced apoptosis of fish immune cells mainly through disruption of the antioxidant system, which led to the overproduction of ROS and thus oxidative stress.

Conclusion {#S5}
==========

This study demonstrated that neurotoxic ANTX-a exhibited immunotoxicity in carp lymphocytes by induction of apoptosis in an apparent dose-dependent manner. Intracellular ROS, MDA, and contents and reduced activity of antioxidant enzymes, such as SOD, GST, and CAT, are the main biomarkers of the cytotoxicity of ANTX-a to carp immunocytes *in vitro*, which were also measured to assess the influence of ANTX-a on fish lymphocytes and to investigate the potential mechanism of ANTX-a-induced immunotoxicity. These results suggested that ANTX-a induces the apoptosis of fish immune cells mainly by destroying the antioxidant system, causing excessive ROS production, and, finally, inducing oxidative stress. Further studies are needed to expound the exact mitochondrion apoptotic pathway involved in the apoptosis of ANTX-a induced in fish lymphocytes.
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